Background/Objectives: B vitamins and related enzymes involved in one-carbon metabolism are necessary for DNA replication, DNA repair and regulation of gene expression. Disruption of one-carbon mechanism may affect cancer risk. We investigated prospectively the relationship between dietary intakes of methionine, B vitamins associated with one-carbon metabolism and risk of lung cancer. Subjects/Methods: The Melbourne Collaborative Cohort Study recruited 41 514 men and women aged 40-69 years between 1990 and 1994. During follow-up of 14 595 men and 22 451 women for an average of 15 years, we ascertained 348 incident lung cancers. Dietary intake of B vitamins and methionine was estimated from a 121-item food frequency questionnaire. Hazard ratios (HR) and 95% confidence intervals (CI) were estimated using Cox regression. Results: In current smokers, dietary intake of riboflavin was inversely associated with lung cancer risk (HR ¼ 0.53; 95% CI: 0.29-0.94, fifth versus first quintile; P-linear trend ¼ 0.01). No associations were found for former or never smokers or for dietary intake of any of the other B vitamins or methionine. Conclusion: Overall, we found little evidence of an association between B vitamins or methionine and lung cancer risk. The weak inverse association between riboflavin and lung cancer risk in current smokers needs further investigation.
Introduction
One-carbon metabolism comprises a complex network of biochemical pathways, involving interactions between several B vitamins, homocysteine and methionine. Disruption of one-carbon metabolism can interfere with DNA replication, DNA repair and regulation of gene expression through methylation, each of which could promote carcinogenesis (Kim, 2004) . Thus dietary intake of B vitamins and methionine might have an important role in the development and progression of cancer.
Studies investigating associations between B vitamins and lung cancer risk have mainly focused on folate and a recent pooled analysis of eight prospective studies concluded that there was no association (Cho et al., 2006) , but others have reported inverse associations (Voorrips et al., 2000; Hartman et al., 2001; Shen et al., 2003; Johansson et al., 2010) . The effect of other B vitamins on lung cancer risk has been less widely studied and findings are inconclusive (Hartman et al., 2001; Kabat et al., 2008; Johansson et al., 2010) .
We investigated prospectively the relationship between dietary intakes of methionine, B vitamins associated with one-carbon metabolism and risk of lung cancer.
Materials and methods

The Cohort
The Melbourne Collaborative Cohort Study is a prospective cohort study of 41 514 people (17 045 men, 24 469 women) aged 27-80 at baseline, 99.3% of whom were aged 40-69 years. Recruitment occurred between 1990 and 1994. Southern European migrants to Australia (including 5430 Italians and 4526 Greeks) were over sampled to extend the range of lifestyle exposures, including diet, and to increase genetic variation. The study protocol was approved by The Cancer Council Victoria's Human Research Ethics Committee.
Subjects were recruited through the Electoral Rolls (registration to vote is compulsory for adults in Australia), advertisements and community announcements in local media. Comprehensive lists of Italian and Greek surnames were also used to target southern European migrants in phone books and Electoral Rolls.
Passive follow-up has been conducted by record linkage to Electoral Rolls, electronic phone books and death records until 31 December 2008.
Subjects
We excluded participants who had a diagnosis of lung cancer (n ¼ 38) or unknown primary cancer before study entry (n ¼ 1), those who had missing data for any of the nutrients of interest (n ¼ 46) and those who reported extreme values (top or bottom percentile) of total energy intake (n ¼ 825). Participants who had reported a diagnosis of angina, heart attack or diabetes at baseline (n ¼ 3358) were also excluded as they might have changed their diet because of their diagnosis. Those with missing values for any of the confounders were also excluded (n ¼ 200). Altogether, data from 37 046 participants were available for analysis.
Nutrient measures
Participants completed a 121-item food frequency questionnaire, specifically developed for the Melbourne Collaborative Cohort Study using weighed food records of equal numbers of people born in Australia, Italy and Greece (Ireland et al., 1994) , and answered additional questions about milk consumption and alcohol intake. Sex-specific average portion sizes were assigned to each food item and daily frequencies of some fruits were seasonally adjusted. Nutrient composition data were derived from the Australian NUTTAB 2006 database (FSANZ, 2006) . Mean daily intakes for the five nutrients (riboflavin (vitamin B2), vitamin B6, folate (vitamin B9), vitamin B12 and methionine), and for b-carotene (a potential confounder), were obtained by multiplying the daily frequency of each food item by the nutrient composition for an average sex-specific portion size. Folate intake included folates occurring naturally in foods only.
Measurements
Each participant's height and weight were measured at study entry according to written protocols based on standard procedures (Lohman and Martorell, 1988) . Weight was measured to 100 g using digital electronic scales and height to 1 mm using a stadiometer. Body mass index was calculated as weight in kilograms divided by the square of height in metres.
Questionnaire measures
At baseline, information was obtained on country of birth, highest level of education, smoking status and alcohol consumption. Former and current smokers provided a detailed smoking history including the average number of cigarettes smoked per day and age at which they started smoking. Former smokers also provided the age at which they quit. Questions were asked relating to frequency of walking, vigorous exercise and less vigorous exercise over the last 6 months. The reported frequencies were coded as follows: 0 (none), 1.5 (one or two times per week) and 4 (three or more times per week). To generate a physical activity score for each person, the frequency of vigorous exercise was multiplied by two and added to the sum of the frequencies of walking and less vigorous exercise.
Identification of incident lung cancer cases All subjects gave written consent allowing access to their medical records to confirm diagnoses. Cases were identified from notifications of diagnoses of lung cancer (International Classification of Diseases 10th revision rubric C34) to the Victorian Cancer Registry to 31 December 2008 and to the National Cancer Statistics Clearing House to 31 December 2004. Only subjects with invasive or metastatic primary cancers of the lung were counted as cases.
Statistical analysis
Follow-up began at study entry and continued until the date of diagnosis of lung cancer, the date of diagnosis of cancer of unknown primary site, the date of unconfirmed diagnosis of lung cancer, the date of death, the date last known to be in Australia, the date last known to be in Victoria if this occurred after 2004 or 31 December 2008, whichever came first.
Intakes of energy and each nutrient were log transformed, then adjusted for energy intake using the residuals method (Willett and Stampfer, 1986) . Sex-specific quintiles were obtained for each energy-adjusted nutrient using the whole sample; the lowest quintile was used as the referent category. To estimate linear trends on a log hazard scale, each nutrient variable was fitted as a pseudocontinuous covariate (using the median value in each nutrient quintile). To investigate departures from linearity in the relationship between nutrient intake and overall lung cancer risk, the likelihood ratio test was used to compare the models with indicator variables representing quintiles of each nutrient to the models with the pseudocontinuous variables. In the smoking-specific model a two-way interaction between smoking status and a quadratic pseudocontinuous term for each nutrient was included and the significance of this term was assessed (Wald test) to investigate a departure from linearity.
The following were considered potential confounders: country of birth (Australia, United Kingdom, Greece and Italy); sex; highest level of education (primary school, some high school, completed high school and completed degree/diploma); smoking status (never, former or current); pack-years (calculated as the average number of cigarettes smoked per day multiplied by the duration of smoking in years, divided by 20: never smokers, 40 to o10, 10 to o20, 20 to o30 or X30 pack-years); time since cessation of smoking (never smoker, current smoker, 40 to o5, 5 to o10 or X10 years); alcohol consumption (lifetime abstainers, ex-drinkers, low (1-39 g/d, 1-19 g/d (men, women, respectively), moderate (40-59 g/d, 20-39 g/d), high intake (X60 g/d, X40 g/d)); b-carotene intake (quartiles); body mass index (kg/m 2 ); physical activity (0, 40 to o4, 4 to o6, X6) and total daily energy intake (kJ/d).
Cox regression models were fitted, with age as the time axis (Korn et al., 1997) , to estimate hazard ratios (HRs) and 95% confidence intervals (95% CIs). All potential confounders were initially included in each model (full model). Backward stepwise elimination was performed with each covariate being removed if the HRs of any of the nutrient intake measures changed by o5% compared with the full model. All of the potential confounders, except education, changed the estimate for at least one of the nutrient intake HRs 45%, thus these were included in all models. Additional analyses involved fitting and testing (using the likelihood ratio test) two-way interaction terms between smoking status and each confounder in the model. Only the interaction between smoking status and ethnicity was statistically significant and retained in the analyses. Interactions between smoking status and each of the nutrients were also fitted and tested. Smoking-specific results from these models are presented together with results for all participants.
To examine the interaction of each nutrient with alcohol and the interaction of each B vitamin with methionine, nutrient intakes were dichotomised at the medians and alcohol consumption was categorised into three groups (none, never and ex drinkers; low and moderate/high).
Statistical analyses were performed using the Stata/SE 11.0 (Stata Corporation, College Station, TX, USA). Po0.05 (twosided) was considered statistically significant. Tests based on Schoenfeld residuals showed no evidence of violation of the proportional hazards assumption. All analyses were repeated excluding the first 2 years of follow-up to eliminate the possibility that the observed relationships were distorted by pre-existing disease.
Results
Of smokers had a significantly higher intake of total energy compared with never smokers (both Po0.001), whereas current smokers had significantly higher intakes of vitamins B6, B12 and methionine and lower intakes of folate, compared with both never and former smokers (all Po0.001). The majority of participants were never smokers (59%) and only 11% were current smokers. Spearman's correlation coefficients between the energyadjusted intakes of B vitamins and methionine are shown in Table 2 . Moderate correlations were observed between intakes of riboflavin and folate (r ¼ 0.40), vitamin B12 and vitamin B6 (r ¼ 0.56) and vitamin B12 and methionine (r ¼ 0.54). Table 3 shows the HRs for lung cancer in relation to B vitamins and methionine intake, overall and by smoking status. There was no evidence of a departure from linearity in the relationship between nutrient intake and lung cancer risk in any of the models (all P40.1). We found no significant associations between dietary intake of any of the B vitamins or methionine and lung cancer risk overall. There were also no significant associations for never or former smokers. We did not observe any significant interactions between smoking status and any of the nutrients (all P40.08). For current smokers, there was a significant inverse association between lung cancer risk and riboflavin intake, with a HR of 0.79 per 1 s.d. increment (95% confidence interval: 0.66-0.95; P-trend ¼ 0.01) from the linear model and a HR of 0.53 (95% confidence interval: 0.29-0.94) for the highest quintile compared with the lowest. No associations were observed for any of the other B vitamins or methionine for current smokers.
We found no significant interactions between any of the B vitamins or methionine and alcohol (all P40.1). We did not investigate these interactions further in the smoking-specific model because of low statistical power and because no significant interactions were observed in the overall model. Additional analyses excluding the first 2 years of follow-up did not substantially change the HRs.
Discussion
Overall, there were no associations between intakes of methionine or B vitamins and lung cancer risk, but there was a weak inverse association between lung cancer risk and riboflavin intake for current smokers. Alcohol and methionine intake did not substantially modify any of the observed associations.
We had virtually complete follow-up in this prospective study, as the identification of incident lung cancers was performed by record linkage to the Australian populationbased cancer registries that have complete coverage of the cohort participants. Additional analyses excluding the first 2 years of follow-up gave similar associations to those reported, thus it is unlikely that our findings are distorted by pre-existing disease. However, the inverse association we observed with riboflavin intake for current smokers might be because of chance given the number of comparisons performed.
Our study has limitations. First, despite adjusting for several measures of data on smoking at baseline, residual confounding by smoking is a possibility given the strong effect of smoking on risk of lung cancer. Second, information on diet and potential confounding variables was only collected at baseline and might not be relevant to the time period we studied. We were unable to account for any potential change in smoking or dietary habits over the follow-up period. If smokers with higher intakes of riboflavin were more likely to quit during follow-up, this would result in an association like that observed. With respect to diet, older subjects tend to have stable diets over time (Jungjohann et al., 2005) . Third, several of the B vitamins and methionine are correlated (Key, 1994) and trying to estimate the effect of a single nutrient is difficult. The number of cases was small in some of our subgroups, particularly for never smokers and our interaction analyses, thus some associations may not have been detected because of low statistical power. Unfortunately, we were unable to present results for folic acid intake. Over the past 15 years in Australia, voluntary folic acid fortification of foods has been introduced and since September 2009 fortification of wheat flour for bread making has been mandatory (FSANZ, 2009 ). Thus, some foods were fortified during our follow-up period, but we are unable to establish which foods and exactly when this may have occurred.
Intakes of B vitamins are estimated from food frequency questionnaires with considerable error. This is supported by the low correlations between dietary and serum levels of nutrients reported in the EPIC (Johansson et al., 2010) and ATBC studies (Hartman et al., 2001) , although metabolic effects may also contribute to variations in circulating levels. Misclassification of dietary intakes attenuates associations between dietary intakes and cancer, and could contribute to differences in the results of studies using dietary intakes or biomarkers.
In contrast to our finding of an inverse association between riboflavin intake and lung cancer risk in current smokers, (Kabat et al., 2008) reported a weak positive association for women, but did not present results separately by smoking status. No association was found in the EPIC cohort for either serum or dietary riboflavin (Johansson et al., 2010) . Riboflavin deficiency interferes with the metabolism of other B vitamins through flavin coenzyme activity (Powers, 2003) . Early animal studies showed that rats fed a riboflavin-deficient diet had a reduced activity of hepatic methylenetetrahydrofolate reductase, the source of a methyl group required for the conversion of homocysteine to methionine (Bates and Fuller, 1986) . Riboflavin is a cofactor of methylenetetrahydrofolate reductase and there appears to be some evidence for an interaction between riboflavin status, folate status and genotype in determining plasma homocysteine as a marker of folate status (Powers, 2005) . In Western diets, cereals, milk, dairy products, meat (especially offal) and fatty fish are good sources of riboflavin intake, and reasonably high concentrations can be found in certain fruits and dark-green leafy vegetables (Powers, 2003) . In Australia, breads and cereal are often fortified with riboflavin (FSANZ). It is possible that the inverse association we observed for riboflavin intake in smokers might be because of other nutrients from these high riboflavin food sources that we have not considered. Consistent with our findings, other studies have reported no association with dietary folate intake and lung cancer risk (Yuan et al., 2003; Kabat et al., 2008; Aune et al., 2011) , including a pooled analysis of eight prospective studies (Cho et al., 2006) , although others found an inverse association (Bandera et al., 1997; Voorrips et al., 2000; Shen et al., 2003) . The ATBC study reported a weak association with dietary folate (but no association with serum folate; Hartman et al., 2001) , whereas the EPIC cohort found an overall inverse association with serum folate (but not for dietary folate), which appeared to be restricted to former and current smokers (Johansson et al., 2010) . Others have reported no associations for intakes of folic-acid fortified foods (Shen et al., 2003) , supplemental folate (Shen et al., 2003) or total folate (folate from food and supplements; Cho et al., 2006) .
We found no association between intake of vitamin B6 and lung cancer risk, which was consistent with findings from the EPIC study (Johansson et al., 2010) but in contrast to the inverse association with serum B6 in that study. The ATBC study reported an inverse association with serum B6 but only a weak association for dietary B6 (Hartman et al., 2001) .
In contrast to our null findings for vitamin B12 intake, others have reported only weak (Hartman et al., 2001) or positive associations (Johansson et al., 2010) .
Consistent with our study, no association between methionine intake and lung cancer risk was seen in a large, Canadian cohort of women (Kabat et al., 2008) , whereas the EPIC study reported lower risks of lung cancer with increasing levels of serum methionine for never, former and current smokers (Johansson et al., 2010) .
Our findings, if confirmed by other prospective studies, suggest that higher intakes of riboflavin might protect against risk of lung cancer in current smokers.
